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Abstract 
During the recent years great attention was paid to the technologies of micro fuel cells (μ-SOFC) with a few watts of output that 
can be applied in the portable electrical equipment. This work presents initial results of experiments on laser drilling of micro-
holes in nickel films for the fuel cell membranes. The laser ablation and drilling parameters were evaluated using nanosecond and 
picosecond lasers running at different wavelengths. The low-pulse energy regime using the picosecond laser radiating at the 
532 nm wavelength is the most promising regime for small-diameter-hole drilling in Ni film. 
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1. Introduction 
Solid oxide fuel cells (SOFCs) have attracted attention because of their potential for achieving efficient energy 
conversion [1]. Micro-fuel cells can be light-weighting replacements of high efficiency and high specific energy 
batteries in small electronic devices, such as laptops, portable digital assistants, camcorders, medical implements, 
industrial scanners, or battery chargers [2]. The most efficient micro fuel cells are expected to be produced using 
crystalline silicon as a construction material. The energy density for this type of cells is expected to be at least four 
times higher than that for the lithium-ion or nickel-hydride batteries. Technology of this type of micro fuel cells is 
based on the thin films technologies. μ-SOFCs like other SOFC contain anode, electrolyte and cathode, but contrary 
to the other constructions they are formed on the silicon substrate [3]. Various approaches have been made to 
fabricate micro-SOFCs. Most of them are using a porous Ni substrate for proton exchange membrane. The pore size 
of such structures is in the range of 0.2–2 μm, and the porosity of the free-standing film is ~ 30 % [2]. The silicon 
based micro-SOFCs consist of free-standing membranes that are fabricated with a supporting metal grid [3]. The 
nickel grid not only leads to a higher mechanical stability of membrane but also is used as the current collector on 
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the anode site. Nickel is one of the best catalysts for hydrogen oxidation [2]. Therefore, nickel film is top-most 
important for performance of micro-SOFCs. 
The laser radiation has been used for thin metal film structuring for a long time, and interference technique offers 
new possibilities of efficient production of microstructures [4, 5]. The size of structures, fabricated by interfering 
laser beams, is in the same range as the pore size of μ-SOFC membrane [6], however the hole parameters are 
difficult to achieve by simple focusing the laser beam. In this paper we present evaluation results of laser drilling 
regimes of nickel film on silicon using diverse laser sources. The experiments are an initial step toward reliable 
microstructuring of nickel membrane layers for micro-SOFCs.  
2. Experimental 
In this study, four different laser systems were used for the investigations. The first experimental system was 
based on the Q-switched diode-pumped nanosecond Nd:YAG laser (EKSPLA NL220/SH) which generated at the 
wavelength of 532 nm and a pulse length was of approximately 9 ns. Laser pulses were selected at a repetition rate 
of 500 Hz and the beam was focused by a lens with a focal length of 50 mm onto the sample. The sample was 
moved by the computer-controlled XYZ stages, relative to the fixed laser beam. The second experimental setup used 
the mode-locked Nd:YVO4 laser (EKSPLA PL10100) working at the wavelength of 1064 nm, with a pulse length of 
10 ps and a repetition rate of 50 kHz. The laser was used in conjunction with a galvanometric scanning system with 
the telecentric objective having a focal length of 80 mm. The third laser was PL10100/SH (532 nm, 50 kHz, 10 ps) 
working together with a similar scanning system with the 80 mm f-Ĭ lens. The fourth experimental setup used a 
third harmonic of PL10100 with computer controlled XYZ stages for sample positioning. For all laser systems, an 
external Pockels cell was used for the selection of the pulse numbers and pulse energy control. The parameters of 
laser systems are described in Table 1.  
Table 1. Parameters of the laser systems used in experiments and corresponding threshold values for complete ablation of the nickel film by a 
single laser pulse. 
Laser system Pulse duration Wavelength, nm Objective focus, mm 
Spot radius (1/e2), 
μm 
Ablation threshold for 
200 nm-thick Ni film, J/cm2 
NL220/SH 9 ns 532 50 11.0 0.23 
PL10100 10 ps 1064 80 25.5 1.20 
PL10100/SH 10 ps 532 80 23.0 0.47 
PL10100/TH 10 ps 355 100 16.0 1.58 
 
Ni film on silicon wafers (<100>, thickness 500 μm) was produced by e-beam evaporation in vacuum (10-4 Pa) at 
film growth speed of 1.5 nm/s. Thickness of Ni film was 200 nm. The film was homogeneous, without pores. Grain 
size was about 10 nm according to the atomic force microscope measurements.  
Since the high speed drilling of relatively small holes (<100 ȝm diameter) is required, the percussion drilling was 
chosen instead of the trepanning optics method which was more appropriate for larger diameter holes [7, 8]. 
Matrixes of holes were drilled in 200 nm-thick Ni film varying the pulse energy and the number of laser pulses per 
hole. Alternative approaches were tested in this study by laser drilling through nickel film and silicon wafer. 
Therefore, a wide range of laser pulse energy available from used lasers as well as the number of laser pulses per 
hole starting with a single shot to thousands shots were applied. Laser fluence covered a wide range from 0.1 J/cm2 
to 100 J/cm2.  
Holes ablated in nickel and silicon substrate were analyzed using an optical (Olympus BX51) and scanning 
electron microscope (SEM, JSM-6490LV, JEOL). Chemical analysis of the surface was performed by the X-ray 
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3. Results and Discussion 
With every experimental setup, matrixes of holes were drilled with separation between holes equal to 200 μm in 
one direction (the number of pulses) and 300 μm in another direction (pulse energy). Typical layout of the 
experiments made with the nanosecond laser NL220/SH is shown in Figure 1. Similar experiments were performed 
with all the setups, the difference was in used pulse energy and the number of pulses. 
 
  
(a)     (b) 
Figure 1. (a) Matrix of holes drilled in Ni film on silicon substrate, using a nanosecond laser NL220/SH. The number of laser pulses per hole was 
changed in horizontal direction and the pulse energy was varied in vertical direction. Due to back-side illumination of the sample, the through 
holes drilled in wafer can be easily recognized at the lower right angle of the matrix. Laser parameters: 532 nm; 9 ns; 500 Hz; focusing: f = 
50 mm; (b) exit side of the hole in Si wafer. Diameter 6 μm; Drilling parameters: laser NL220/SH: 532 nm; Ep = 10 μJ; 9 ns; 500 Hz; focusing f = 
50 mm; the number of pulses N = 1024. 
The silicon wafer with a thickness of 500 μm was drilled through when the irradiation dose (pulse energy 
multiplied by the number of pulses per hole) exceeded 4.3 mJ. By using a picosecond laser for wafer drilling, the 
required irradiation dose increased many times due to reduced thermal diffusion and related melt formation with 
later ejection. 
The low-energy and low-number-of-pulses part of the drilling matrixes was used to evaluate the Ni film drilling. 
Figures 2 and 3 present SEM images of the nickel surface after laser ablation experiments. 
 
    
(a)   (b)   (c)   (d) 
Figure 2. SEM pictures of holes ablated in nickel film: effect of the number of pulses N: (a) N = 1; (b) N = 5; (c) N = 10s; (d) N = 20. Laser 
parameters: PL10100/SH; pulse energy Ep = 124 μJ; wavelength 532 nm; pulse duration 10 ps. 
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(a)   (b)   (c)   (d) 
Figure 3. SEM pictures of holes ablated in nickel film. (a) The number of pulses N = 1, pulse energy Ep = 10 μJ, wavelength 532 nm, pulse 
duration 9 ns; (b) N = 5, pulse energy Ep = 58 μJ, wavelength 1064 nm, pulse duration 10 ps; (c) N = 50, pulse energy Ep = 124 μJ, wavelength 
532 nm, pulse duration 10 ps; (d) N = 1, Ep = 0.23 μJ, 532 nm, 10 ps. 
The threshold for complete ablation of nickel film was determined by approximation of experimental data of the 
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where Fth is the ablation threshold; F0 is the laser fluence in the centre of a Gaussian beam; w0 is the beam waist on 
the sample. Ablation threshold values were estimated for laser parameters used in every experimental setup (Figure 
4) and they are presented in Table 1. It was found that the ablation threshold decreased using a burst of laser pulses 
due to defect accumulation [10]. Using repetitive pulses laser ablation the ablation threshold for nickel layer 
decrease with each additional pulse. The accumulation factor, estimated according to [11] for all used laser systems, 
was the same and equal to 0.85. 





























































(c)      (d) 
Figure 4. Diameter of holes drilled in the 200 nm-thick Ni film on silicon versus laser fluence. Laser parameters: (a) NL220/SH wavelength 
532 nm, pulse duration 9 ns, repetition rate 500 Hz;. (b) PL10100 wavelength 1064 nm, pulse duration 10 ps, repetition rate 50 kHz; (c) 
PL10100/SH wavelength 532 nm, pulse duration 10 ps, repetition rate 50 kHz; (d) PL10100/TH wavelength 355 nm, pulse duration 10 ps, 
repetition rate 50 kHz; 
The diameter of holes normally increased with the number of laser pulses (Figure 5) until complete ablation of 
the Ni film and deep penetration into the silicon substrate occurred. When the total irradiation dose per hole 
exceeded 4 mJ for the used nanosecond laser and 300 mJ for UV picosecond laser, the silicon substrate 500 μm 
thick was penetrated completely.  
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Figure 5. Diameter of holes drilled in the 200 nm-thick Ni film on silicon versus the number of laser pulses. Laser: 532 nm; 124 μJ; 10 ps. 
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The best results of Ni film patterning were obtained with the picosecond laser working at 532 nm. Detailed 
micro-chemical analysis of the initial Ni film and in film places after laser treatment was performed using EDS. 
Results are presented in Table 2. Due to small thickness of the nickel film, signals from silicon were registered 
independently of the laser treatment. 
Table 2. Results of EDS measurement on the as-deposited Ni film and in the centre of laser drilled holes. 
Ni film irradiation conditions C, % O, % Si, % Ni % Total, % 
without laser treatment 3.61 0.56 65.54 26.29 100 
N = 1, Ep = 0,23 μJ @532 nm, 10 ps 4.25 1.42 72.52 21.82 100 
N = 10, Ep = 70 μJ @532 nm, 10 ps 1,48 1,74 96,63 0,14 100 
 
When the laser fluence exceeded the threshold of 0.47 J/cm2, the nickel layer was fully removed (Figure 1a), 
while evaporation of the nickel layer started at laser fluence of 0.05 J/cm2, and the diameter of the crater was only 
3 μm (Figure 1d). Using multiple low-energy laser pulses it is possible to drill a hole with such diameter. This size 
of the holes is of particular interest for ȝ-SOFC on silicon [2]. As low pulse energy is required for Ni film drilling, 
and many holes are needed for fabrication membrane for micro-SOFC, parallel processing approaches, using laser 
beam interference can be applied [5]. With the energy of 1 mJ available from the laser and 0.23 μJ required for hole 
drilling, 4000 holes can be drilled simultaneously, increasing the process efficiency to the applicable level. 
4. Summary 
The low-pulse-energy regime is promising for small-diameter-hole drilling. As only a small fraction of laser 
pulse energy is required, multi-beam processing approaches can be applied for piercing Ni film as support for micro-
SOFC. Using repetitive pulses laser ablation the ablation threshold for the nickel layer decreased for each additional 
pulse. The accumulation factor for all used laser systems was the same 0.85. 
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